The concept of a closed (or semi-closed) greenhouse that is used to harvest solar energy can be attractive to reduce the fossil fuel input or for an increment of water use efficiency. To examine the concept, a 550 m 2 greenhouse was built in The Netherlands and experiments were carried out with a pepper crop. This paper reports only on the water balance during the summer period of such a greenhouse and examines the energy partitioning of the solar radiation in the greenhouse. Results show that the percentage of drainage out of the irrigation changed significantly among the days but was on average 34%. The major water input to the greenhouse came from irrigation and only a small fraction was due to fogging in some of the days. The remainder of irrigation minus drainage was transpired by the plants. On average, 15% of the water was lost from the greenhouse by exchange of vapor with the outside air. This was partly by leakage, but also deliberately when the greenhouse was ventilated with outside air to remove a moisture excess during night. The rest condensed, mainly on the heat exchangers of the cooling units, but partly on the roof and side walls as well. Thus, roughly 85% of water used for irrigation was recaptured. The results further show that the global radiation inside the greenhouse was on average 0.570.06 of the outside radiation. The heat load on the greenhouse was mainly removed by the overhead cooling units who removed sensible and latent heat with an average sensible to latent ratio of 0.62. This ratio changed among the days and increased approximately linearly with solar radiation. The energy extracted by the coolers was about 0.730.18 of the solar radiation entering the greenhouse, which means that it was 42% on average of the outside solar radiation.
INTRODUCTION
Over the last decade there has been a continuous interest in closed and semi-closed greenhouses since they allow increased CO 2 levels inside the greenhouse, reduced pesticide application and energy and water savings. In the Dutch greenhouse industry closed and semi-closed greenhouses were attractive mainly because of the potential to save energy. According to Heuvelink et al. (2008) depending on the crop, energy costs in the Dutch greenhouse industry represent 15-20% of the total production costs. Furthermore, the annual gas consumption for greenhouse heating is about 10% of the national gas consumption. For mainly this reason, the Dutch horticulture industry aims at the introduction of fossil fuel free energy supply for new built greenhouses by 2020 (Bakker et al., 2006) .
In most countries there is excess of solar energy in greenhouses, during summer, which is mostly discharged by ventilation. According to Bakker et al. (2006) and Heuvelink et al. (2008) on an annual basis the energy supply from the sun inside greenhouses in the Netherlands and other west European countries is about 2800-3000 MJ m -2 , which is 2-3 times more than the heating requirements. Thus, as pointed out by other researchers, the greenhouse can act as a huge solar energy collector. Van't Ooster et al. (2008) described a simulation study from which it was concluded that zero use of fossil energy and consequently a strong reduction in the emission of CO 2 to the atmosphere is possible. According to them, a fully closed greenhouse is not economic in cooling and dehumidifying the greenhouse air to target temperature and humidity, however a semiclosed greenhouse may be a good option.
Various aspects of microclimate, yield, quality and operation of closed greenhouses were described in recent years in the literature. Opdam (2005) reported on a system that consists of a CHP unit, heat pump, underground (aquifer) seasonal energy storage, as well as daytime storage, air treatment units and air distribution ducts. They reported on an energy reduction of 20-35%, an increment in tomato yield of 20%, an 80% reduction in pesticide application and 50% reduction in use of irrigation water. Heuvelink et al. (2008) described results of a simulation study in which the effect of greenhouse climate on tomato yield in a closed greenhouse were investigated. Based on actual climatic conditions that were measured in an open and a closed greenhouse the simulations predicted an increase of 17% in yield; however the actual increases in yield were 9 and 16% in two successive years. The 9% higher yield in one of the years was realized at least partly because of botrytis in the closed greenhouse.
A comparison of climate and production in closed, semi-closed and open greenhouses was reported by Qian et al. (2009) were respectively 10 and 6% higher than that in the open greenhouse. Cumulative production in the closed greenhouse was only 4% higher due to development of botrytis. Model calculations showed that the production increase in the closed and semi-closed greenhouses was explained by higher CO 2 concentration. Wee (2010) indicated that the success of Dutch researchers was related to their country's particular weather type, and availability of aquifers -conditions that are not always found in other geographical regions. He concluded that to achieve economical year-round closure in areas with larger weather variation and lack of accessibility to aquifers, a better economic return would be expected with semi-closed designs that enable the greenhouse to vent when the heat load approaches a certain percentage of peak levels.
An interesting approach in which a closed greenhouse was used for solar energy storage, water recycling and water desalination was described by Buchholz et al. (2006) and Janssen et al. (2006) . They argued that the system they incorporated in a closed greenhouse could enable parallel production of water, energy and food. The capture of excess of heat could enable domestic heating especially in regions with large day/night temperature amplitudes.
De Zwart (2009) presented the "Sunergy Greenhouse" which is a semi-closed greenhouse. It is closed during periods with high solar radiation to enable harvesting of solar energy on relatively high temperatures but it lets in outside air during dull days and at night for dehumidification purposes. This way the costs of air treatment unit and electricity demand are lowered. The greenhouse is equipped with overhead cooling units, an air treatment unit that blows air via sleeves that are located below the gullies, a heating system, CO 2 supply and fogging and shading to cool the greenhouse when air temperature is too high. All systems are used to allow a proper control of the greenhouse microclimate.
The aim of this study is to examine the water balance of a semi-closed greenhouse and to determine the energy partitioning of solar radiation during the summer period.
MATERIALS AND METHODS
The study was conducted, over a period of 64 days in July, August and September 2010, in a semi-closed glass covered greenhouse with crop gutters at height of 1 m in which pepper was grown (see Fig. 1 ). The greenhouse area was 550 m 2 . The greenhouse was equipped with overhead cooling units, a heating system, CO 2 supply, a fogging system and shading screens. An air treatment unit blows air via sleeves that are located below the gullies. To study the water and energy balances of the greenhouse, measurements were done to monitor the cooling energy, irrigation, drain and condensate of the greenhouse. The cooling energy was determined by an energy meter with a resolution of 10 pulses per kWh. At sunny days, with a cooling power of 15 to 20 kW for this 550 m 2 greenhouse it yielded one pulse every 18 to 24 s. The solar radiation, air temperature and humidity were measured inside and outside the greenhouse. In addition, the amount of water used for irrigation and fogging and the amount of drainage were continuously monitored. During the growing period the irrigation rate was set proportional to the solar radiation at a rate of 0.162 L m . This complies with common practice of Dutch growers during the summer.
The amounts of irrigation and drain were monitored by liter counters with a resolution of 2 pulses per L. Due to problems encountered with direct measurements of the amount of condensate, the daily amount of condensate was calculated form Eq. (1).
Q con = Q ir + Q fo -Q dr -Q ve (1) where Q ir is the amount of water supplied by irrigation, Q fo is water input by fogging, Q dr is the amount of drainage and Q ve is vapor loss by ventilation. Counts on drain can have a significant time lag since this more or less continuous flow was counted batch-wise. This was caused by the level switch that starts and stops the pump that empties the vessel that collect the drain discontinuously.
Temperature and humidity inside and outside the greenhouse were measured with aspirated measuring devices to minimize the effect of direct solar radiation. Outside and inside radiation were measured by Kipp solarimeters. The inside meter was placed just above canopy level. The irrigation of crop was controlled by the greenhouse climate controller which gave a first shot of 390 cc m . The cooling water temperature was 12°C, but was lowered to 8°C in a bandwidth of 600 to 800 W m -2 of outside radiation.
In order to generate the results for the data analysis, all data measured were lumped to daily means or totals.
RESULTS AND DISCUSSION
Figures 2 and 3 show respectively the air temperature and humidity inside the greenhouse. They also show the differences in temperature and humidity between inside and outside. During the experimental period the temperature inside the greenhouse varied between 20 and 24C and the humidity varied between 79 and 88%. The general trend was an increase in air temperature and a decrease in relative humidity as the amount of solar energy (ASE) incident on the greenhouse increased. The decrease of relative humidity is caused by the fact that the saturated water vapor content of air increases strongly at higher temperatures, which surpasses the effect of the elevated evaporation of a mature, healthy crop at higher ASE. The temperature difference between inside and outside was roughly constant and its value over the experimental period was 5.81.8C. The difference in humidity increased with the ASE and its average value was 2.5 8%.The fogging installation could have increased the humidity in the greenhouse at higher ASE, but the combination of high temperature and high humidity results in very unpleasant working conditions.
The ratio between radiation inside and outside the greenhouse, as function of the ASE, is shown in Figure 4 . It is observed that the ratio is negatively correlated with ASE. This is mainly because a shading screen was closed at radiation intensities above 600 W m -². The value of the ratio was about 0.6 when the ASE values were low and it decreased to about 0.45 when the values of the ASE were high. The low transmissivity is partly caused by the small scale of the greenhouse (which leads to a disproportional amount of construction elements like screen driving elements and cross braces). Also the installation of overhead cooling units contributed to the significant reduction of the radiation inside the greenhouse.
The greenhouse was irrigated several times a day. The amount of irrigation was proportional to the ASE as shown in Figure 5 since the irrigation rate was set proportional to the solar radiation in the controller. The rate of irrigation during the experimental period was equal to 0.162 L m and from that point it increased roughly linearly with the rate of irrigation. The highest drainage percentage (see Fig. 6 ) was 60-70% and in few of the days, when radiation was low, there was practically no drainage at all. Over the entire experimental period the amount of drainage was about 34% of the amount of irrigation.
Variations in the drained fractions are caused by the fact the relation between ASE and evapotranspiration will have variations, but also because of the time-lag introduced by the discontinuous character of the drain pump (see material and methods). The latter effect apparently makes the drain ratio on diurnal base quite error-prone, especially at low ASE.
At high radiation levels, the heat load on the greenhouse is mainly removed by the overhead cooling units who remove sensible and latent heat. Figure 7 shows the ratio between the amount of heat removed by the coolers and the amount of solar energy that entered the greenhouse. The figure shows that the ratio increased with the ASE. At an ASE value above 20 MJ m -2 the ratio was equal to 0.85-0.95. The increase follows from the fact that in this semi-closed greenhouse the coolers have to carry off the remainder of all the remaining heat load after subtracting the convective heat losses through leakage and the cover (ventilation of the greenhouse is only applied when the humidity set point is exceeded, which is never the case at high heat loads).
The ratio between sensible and latent heat that are removed by the overhead coolers is shown in Figure 8 as function of the ASE. The figure shows that the ratio increased with the ASE. Up to an ASE of 5 MJ m -2 the ratio had negative values due to negative values of sensible heat. Thus, it appears that on days with very low solar radiation the heat release due to condensation on the glass cover was larger than the heat removed by the coolers. In most of the days the amount of removed latent heat was higher than that of removed sensible heat.
CONCLUSIONS
Under Dutch climate conditions a greenhouse with sufficient cooling power can be kept closed during high radiation periods. Such a greenhouse allows reasonable air temperatures and humidity. On average, nearly 70% of the solar energy entering the greenhouse in summer can be captured and stored during summer in heat storage. Most of this heat is obtained from condensation on the cooling units of the system. Due to this condensation, which originates from evaporation of the canopy, 80-90% of the water transpired during summer can be recaptured. This reduces the net water usage of the greenhouse.
Unlike the situation in mild climates, in arid climates there is no possibility to create a cooling energy buffer at a sufficient low temperature (around 10°C) in winter to provide cooling power for the summer. Thus, for these warm climates, all cooling comes at the expense of electricity to run a chiller (and some pumps and ventilators). Estimations on this energy consumption results in 500 to 600 kWh m -2 per year. This will be expensive, but the high production levels, good quality in a closed greenhouse, together with the fact that almost all irrigation water can be recaptured might allow these expenses. 
Literature Cited

